Background: Surgical masks are usually used to protect surgeons from the transmission of disease and germs, as well as preventing the transmission of infectious agents to the environment and others. The mask may not be a suitable environment for the growth and reproduction of microbes. Regarding this, the present study aimed to investigate the feasibility of making antibacterial mask substrate providing high efficiency and low pressure drop. Materials and Methods: For the purpose of the study, nanofiber substrates containing variable amounts of polyethylene terephthalate and copper nitrate were produced using an electrospinning device. The efficiency and pressure drop of antibacterial nanofiber substrates were measured at a particle size range of 260 nm to 1.6 µ. Measurement of the particle number density was accomplished by placing two condensation particle counters on both sides of the filter. Results: Examination of the scanning electron microscope images revealed that the optimal sample contained 25% polymer and 1.5% copper nitrate and had the best morphology at 16 kV. The samples were subjected to electrospinning at different times to examine their efficiency and pressure drop. As the electrospinning time increased from 15 to 60 min, the substrates became thicker, and consequently their efficiencies increased from 13% to 94%; furthermore, the pressure drop increased from 10 to 20 psi. Electrospinning of 60 min resulted in the highest quality factor. Conclusions: As the findings indicated, with the enhancement of electrospinning time, the efficiency of the substrates are increased, and the particle penetration rate of the substrates are reduced. This could be due to the increased thickness of substrates by increasing the electrospinning time.
Introduction

Antibacterial nanofibers
Hospital staff disperses thousands of droplets through sneezing. A sneeze contains live organisms, which in turn cause the transmission of pathogenic microorganism particles, thereby leading to the development of secondary infections. Hospital staff and patients are in contact with chemical and biological contaminants in the air. Hospitalacquired infections impose heavy costs on the countries, in addition to the creation of problems for the staff and patients.
Bioaerosols are among the most common causes of postsurgery infections in hospitals. According to the available statistics, 1 case per 10 patients in the hospitals has an aerosol-induced infection. The most common protective tool used for preventing the introduction of pathogenic particles into the respiratory tract is a surgical mask (1) . Surgical masks used by personnel with infectious diseases can play a role in the Downloaded from jhst.bums.ac.ir at 10:52 IRDT on Sunday August 4th 2019 3 J Health Sci Technol. 2018 April 2(1): 2-8.
-125 prevention of transmitting exhaled aerosols to the adjacent individuals (2) .
Use of masks in contaminated environments can lead to the sedimentation of infectious agents on the mask surface and penetration of these particles into the internal layers of the mask. This turns the mask into a tool transmitting the pathogenic agent. Therefore, coating a surgical mask with an antimicrobial agent can kill or prevent the growth of microorganisms, such as bacteria, fungi, and viruses, and lead to the deposition of these infectious agents on the mask surface or their entrapment in the media filter (3) .
The antibacterial properties of textile fibers were firstly used to protect mummy in Egypt 4000 years ago, and antibacterial fibers were used for the first time in 1867. Recently, antibacterial masks have been produced using polymer materials and additive compounds, such as copper, gold, zinc, titanium, magnesium, chitosan, triclosan, quaternary ammonium salts, polymeric phosphonium salts, polymeric biguanides, and N-halamin compounds, in nanoscale (4, 5) .
Given the antibacterial properties of metallic nanoparticles (NPs) and the emergence of antibiotic-resistant bacteria, the use of nanofibers has been recently proposed in the construction of surgical masks. The application of these NPs has been reported to be favorable due to its simple fabrication process with high efficiency and low cost (6) . The fibers fabricated using NPs have shown dramatically higher antibacterial properties (7) .
Nanofibers have a very high area-to-volume ratio (i.e., about 1,000 times higher than that of microfiber). Moreover, they have high flexibility in functionalizing the surfaces and good mechanical performance, such as tensile strength, which is an interesting property of these materials as compared to the conventional fibers (8) . Electrospinning device is an electrostatic driving force for manufacturing nanofibers (9) . According to the scientific and technical resources, it is possible to produce fibers ranging from 3 nm to 50 µm in diameter by means of electrospinning device. Nanofibers of about 40-2000 nm are produced through choosing a polymer and an appropriate solvent system (10).
Substrate testing
There are several standard methods for testing masks, such as the UK Standards 1715: 1991 AS, 141: 2000 EN, and 405: 2002 EN. In all of these methods, the efficiency of a mask is examined in terms of the penetration or capture of monodisperse or polydisperse particles. Monodisperse particles refer to particles with the same mass and chemical compounds. In practice, the particles suspended in the air are monodisperse with diameters with a relative standard deviation of < 0.2. The particles suspended in the air passing through the fiber filter are essentially captured on the filter fibers due to the mechanisms of diffusion, direct impact, and inertia (11) . Efficiency, E, of a filter is calculated using Eq1:
Eq1
where,  and L denote the degree of porosity and thickness of the filtration, respectively.
Furthermore, Df and t represent the diameter and possibility of capturing all particles by each fiber wrap forming the filter, respectively. Given that the capture of particles due to gravity, sieving, and electrostatic mechanisms is negligible, t is calculated by summing up the three aforementioned capture probabilities as follows:
Eq2
where,I, D, and R are the probabilities of particle catch by diffusion, direct impact, and inertia mechanisms, respectively (11) .
Inertia
This mechanism is especially important for respiratory particles. When the direction of the flow passing around the fibers changes immediately, particles with more inertia are more likely to keep their way and move directly. This mechanism leads to the catch of the particles by the fibers. At high speeds, for particles larger than 1 µ, the inertial mechanism is a major medium for the capture of particles by fibers (12) .
Direct impact
The probability of the impact of particle and particle catch is a function of a dimensionless value of direct impact, R. These masks are more effective to be used for large particles (11) .
Diffusion
Diffusion is the main factor for capturing particles smaller than 0.1 µ. The movement of these particles in the air is influenced by the air molecules. Therefore, when these particles pass through the filter, they collide with the fibers accidentally and stick to them due to Van -125
force, thereby being removed from the flow. The mask efficiency is determined by the calculation of the ratio of the particles trapped in the mask, n1-n2, to the particles entering the mask, n1, as indicated in Eq3:
Eq3
where, n1 and n2 represent the numerical concentration of the particles before and after entering the mask, respectively (13) . The pressure difference, denoting the difference between the pressures of the two sides of the filter when exposed to air with a given volumetric flow rate, is measured in 1 mm water per 1 cm 2 of the test specimen (11) . Quality factor, Qf, is one of the important factors in comparing the masks, which is calculated by Eq4: Eq4 where, Δp is the pressure drop of the mask, and P is the particle penetration rate.
Particle penetration through the filter media is also calculated using Eq5.
P=1-E Eq5
where, E represents the efficiency of submicron particles.
Materials and Methods
The materials used in the present study included trifluoroacetic acid/dichloromethane solvent, copper nitrate, polyethylene terephthalate polymer, and polypropylene substrate. Furthermore, the applied tools entailed the ES1000 electrospinning device (Fanavaran Nano-Meghyas Company, Iran), EM 3200 scanning electron microscope (KYKY Company, China), condensation particle counter (Model 5/412, GRIMM Company, Germany), digital manometer (Kimo Company, France), and E 30 H ultrasonic probe dispersion equipment (Elma Company, Germany).
To make nanofiber substrates with antibacterial properties, 2-3 g polyethylene terephthalate granules was dissolved in 10 cc trifluoroacetic acid/dichloromethane solvent at a ratio of 80:20. The solution was stirred using a magnetic stirrer for 24 h to make a solution with a weight percent (wt%) of 20-30%. Then, each of the samples was placed in an electrospinning device under three voltages of 8, 16, and 25 kV. Nine nanofiber substrate samples were examined by scanning electron microscopy, and the best morphology was selected as the optimal sample.
The selected optimal sample contained 25 wt% polyethylene terephthalate under a voltage of 16 kV. Subsequently, 0.5-2 wt% copper nitrate was added to the sample with regard to the volume of total solution. In the next stage, the solution was completely dispersed by the ultrasonic dispersion method. The four samples were subjected to electrospinning and imaging using a scanning electron microscope. Afterward, the highest amount of copper nitrate, which can be added without making any changes in the morphology of the substrate, was chosen as an optimal sample. After investigating the fiber diameter and arrangement uniformity of nanofibers, the optimal sample was electrospun at four different time periods of 15, 30, 45, and 60 min. Then, the efficiency and pressure drop of the samples were examined.
The mask test tunnel consisted of a cylindrical chamber with an air entry/exit path. This tunnel was designed and developed in the Environmental Engineering Laboratory of the Atomic Energy Organization of Iran to create a smooth airflow. The mask was placed in the middle of the tunnel. Two sampling probes were embedded on the two sides of the mask to sample the fluid containing the aerosol particles before and after passing through the filter.
This was accomplished using a three-way valve to re-route the sample flow to determine the numerical density of the air particles before and after passing through the filter (Fig 1) . The airflow HEPA: High efficiency particle air AA: Atmospheric aerosol H: Homogenizer P: Pressure manometer CPC: Condensation particle counter D: Follow-meter P: Pump V: Valve NFS: Nanofiber sample -125 was created in the entire system using a pump with a discharge of 1,000 L per min. To measure the numerical density of the particles, two condensation particle counters were embedded on both sides of the filter. A digital manometer was used to measure the pressure drop.
Results
According to the scanning electron microscope images, the best morphology was related to image B2, where the diameters of the electrospun fibers were less scattered, about 100 nm. However, in the other cases, the values of the diameters were very scattered (Fig2) According to the scanning electron microscope images of the optimal sample, to which different amounts of copper nitrate (0.5-2%) were added, sample 'c' with the highest amount of copper nitrate led to the smallest change in morphology (Fig 3) .
The results of the present study showed that at a constant discharge, the pressure drop of NP mask substrate underwent a variation with a range of 10-20 Pa. Moreover, the examination of the substrate efficiency revealed that as electrospinning time increased, the density of the fibers increased, and consequently the efficiency increased to a large extent. Fig 4, 5, and 6 depict the efficiency, pressure drop, and quality factor of the substrates at different times, respectively. In the present study, the best condition was provided for the fabrication of the nanofiber mask substrate.
The pressure drops of the nanofiber substrate at different electrospinning times of 15, 30, 45, and 60 min were estimated at 10, 11, 18, and 20 Pa, respectively (Fig 5) . Golbabaei et al. (2012) , examining the efficiency and pressure drop of several domestic and imported masks, showed that the pressure drop and efficiency of the masks had the ranges of 11-35 Pa and 27-66%, respectively. The results of the mentioned study are consistent with our results (1) . In a study performed by Oberg and Brossoau (2008) , the efficiency of the masks manufactured using high-efficiency filters ranged 60-90%. In line with the results of the current study, they observed that the efficiency increased with the enhancement of the particle size (14) .
Discussion
In another study carried out by Clynn et al. (1967) , the filtration efficiency of the masks was very variable and ranged 15-99%, which is similar to the efficiency variation obtained in the present study. This variation was due to the use of different particle size in the present study (15) . The quality factor is a good criterion for comparing the masks, underscoring the importance of having a high submicron particle filtration efficiency to facilitate Downloaded from jhst.bums.ac.ir at 10:52 IRDT on Sunday August 4th 2019 7 J Health Sci Technol. 2018 April 2(1): 2-8.
-125 Based on the findings, it can be concluded that the submicron particle filtration efficacy and pressure drop are two very important factors playing a role in making the substrates and directly influencing the quality factor of the substrate. Therefore, the substrate should provide high efficiency and low pressure drop. The use of personal protective equipment ensures individuals' safety in case of exposure to pathogenic particles. Fabrication of reliable substrates can fulfill this end.
The present study involved the investigation of the efficiency and pressure drop of the substrates to select the optimal one. This substrate has the ability to physically remove the pathogenic particles. Furthermore, the addition of copper nitrate made it antimicrobial given the antibacterial characteristics of copper. Consequently, the application of these substrates in the production of antibacterial masks can result in the reduction of hospital-acquired infections.
Conclusion
The results of the present study indicated that increased electrospinning time resulted in the enhancement of the particle infiltration efficiency of the substrates and reduction of particle penetration into the substrates. The highest efficiency was estimated as about 95%. This is due to the increased thickness of the substrates, which is possible by increasing the electrospinning time. The analysis of the quality factor chart, calculated based on efficiency and pressure drop, revealed that the quality of substrates increased with the elongation of the electrospinning time. The highest quality factor was associated with the electrospinning time of 60 min. Downloaded from jhst.bums.ac.ir at 10:52 IRDT on Sunday August 4th 2019
